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*URXQG VRXUFH KHDW SXPS *6+3 V\VWHPV H[WUDFW KHDW RU FROG IURP WKH JURXQG E\ FLUFXODWLQJ D KHDW FDUULHU IOXLG +&) LQ D JURXQG KHDW H[FKDQJHU DQG
LQMHFW WKLV HQHUJ\ LQ EXLOGLQJV 7KLV SDSHU VKRZV WKDW WKHUH H[LVWV DQ RSWLPDO +&) IORZ UDWH ZKLFK PLQLPL]HV WKH HQHUJ\ XVH RI VXFK V\VWHPV 7KH SDSHU
SURSRVHV DQ DQDO\WLFDO VROXWLRQ IRU WKH RSWLPDO IORZ UDWH DV D IXQFWLRQ RI PHDVXUDEOH YDULDEOHV V\VWHP SDUDPHWHUV DQG GDWD WKDW FDQ HDVLO\ EH GHULYHG IURP
PDQXIDFWXUHU GDWD VKHHWV 7KH DQDO\WLFDO VROXWLRQ LV YDOLGDWHG XVLQJ D GHWDLOHG VLPXODWLRQ PRGHO UHSUHVHQWLQJ DQ H[LVWLQJ *6+3 V\VWHP RI  ERUHKROHV
ZLWK D GHSWK RI P
,1752'8&7,21
*URXQG VRXUFH KHDW SXPS *6+3 V\VWHPV H[WUDFW KHDW RU FROG IURP WKH JURXQG E\ FLUFXODWLQJ D KHDW FDUULHU IOXLG +&) LQ D JURXQG
KHDW H[FKDQJHU DQG LQMHFW WKLV HQHUJ\ LQ EXLOGLQJV 'HVSLWH UHODWLYHO\ KLJK LQYHVWPHQW FRVWV DQG WKDQNV WR WKHLU KLJK HQHUJ\ HIILFLHQF\
*6+3 V\VWHPV KDYH SURYHQ WKHLU HFRQRPLF YLDELOLW\ ZLWK DERXW 105 XQLWV VROG HYHU\ \HDU LQ (XURSH EHWZHHQ  DQG  1RZDN
HW DO  1XPHURXV VWXGLHV DQG WRROV KDYH EHHQ SURSRVHG WR RSWLPL]H WKH GHVLJQ RI *6+3V LQ RUGHU WR UHGXFH WKH LQYHVWPHQW
FRVWV 2QO\ D IHZ RI WKHVH VWXGLHV SURSRVH RSWLPDO FRQWURO VWUDWHJLHV IRU WKH PDVV IORZ UDWH LQ WKH LQVWDOODWLRQ ZKLOH $6+5$(
 UHSRUWV WKDW SXPS HQHUJ\ UHSUHVHQW  WR  RI WKH WRWDO HQHUJ\ GHPDQG RI *6+3 V\VWHPV 7KLV VHFWLRQ ILUVWO\ VXPPDUL]HV
WKH ILQGLQJV IURP WKH OLWHUDWXUH DERXW RSWLPDO IORZ LQ JURXQG VRXUFH KHDW SXPS V\VWHPV DQG VHFRQGO\ LW GHVFULEHV WKH FXUUHQW SDSHU
REMHFWLYH DQG VWUXFWXUH
7R WKH EHVW DXWKRUV· NQRZOHGJH /L DQG /DL  ZHUH WKH ILUVW DQG RQO\ DXWKRUV ZKR SURSRVHG DQ DQDO\WLFDO VROXWLRQ IRU
RSWLPDO +&) IORZ UDWH DQG IRU RSWLPDO ERUHKROH OHQJWK /L DQG /DL DSSOLHG DQ HQWURS\ PLQLPL]DWLRQ WHFKQLTXH WR D JURXQG KHDW
H[FKDQJHU ZLWK VLQJOH 8WXEH EXW ZLWKRXW FRQVLGHULQJ WKH KHDW SXPS ,Q WKHLU FDVH DQ RSWLPDO IORZ UDWH H[LVWV GXH WR  D ULVLQJ
HQWURS\ JHQHUDWLRQ IURP SUHVVXUH GURSV ZKHQ WKH IORZ UDWH LQFUHDVHV DQG  D GHFUHDVLQJ HQWURS\ JHQHUDWLRQ GXH WR VPDOOHU JURXQG
DQG +&) WHPSHUDWXUH GLIIHUHQFHV ZKHQ WKH IORZ UDWH LQFUHDVHV $ PDMRU GUDZEDFN RI WKHLU PHWKRG LV WKDW WKH DQDO\VLV GRHV QRW
LQFOXGH WKH KHDW SXPS SHUIRUPDQFH ZKLFK GHSHQGV RQ WKH +&) IORZ UDWH DQG WHPSHUDWXUH ZKLOH LW SOD\V D FUXFLDO UROH LQ WKH V\VWHP
SHUIRUPDQFH )XUWKHUPRUH DQ HQWURS\ RSWLPXP GRHV QRW QHFHVVDULO\ FRLQFLGH ZLWK DQ HQHUJ\ RU HFRQRPLF RSWLPXP VLQFH HQWURS\
JHQHUDWHG GXH WR SUHVVXUH GURSV KDV D GLIIHUHQW HQHUJHWLF DQG HFRQRPLF YDOXH WKDQ HQWURS\ JHQHUDWHG GXH WR KHDW WUDQVIHU
$Q HQHUJ\ RSWLPL]DWLRQ RI WKH DLU IORZ UDWH LQ KHDW SXPS V\VWHPV ZDV SURSRVHG E\ *UDQU\G  IRU DQ DLUWRDLU V\VWHP
7KH DXWKRU IRXQG DQ DQDO\WLFDO VROXWLRQ WKDW PD[LPL]HV WKH &23  E\ XVLQJ VLPSOH HPSLULFDO FRUUHODWLRQV WR H[SUHVV  WKH KHDW
WUDQVIHU DQG WKH SUHVVXUH GURS LQ WKH KHDW SXPS KHDW H[FKDQJHUV DQG  WKH KHDW SXPS WKHUPDO SRZHU Q˙cond  DV D IXQFWLRQ RI WKH
DLU YHORFLW\ LQ WKH FRQGHQVHU DQG HYDSRUDWRU 7KH PD[LPXP &23 LV WKHQ REWDLQHG E\ VHWWLQJ LWV GHULYDWLYH WRZDUGV WKH DLU YHORFLW\
WR ]HUR $ &23 RSWLPXP H[LVWV GXH WR WKH LQFUHDVH RI WKH KHDW SXPS &23 DQG WKH LQFUHDVH RI SUHVVXUH ORVVHV IRU LQFUHDVLQJ DLU
7KH FRHIILFLHQW RI SHUIRUPDQFH  &23 LV GHILQHG DV WKH GHOLYHUHG XVHIXO HQHUJ\ WKH FRQGHQVHU KHDW WR WKH VLQN GLYLGHG E\ WKH HOHFWULFDO
SRZHU XVH RI WKH KHDW SXPS FRPSUHVVRU DQG LWV IDQ RU SXPS DW ERWK WKH VRXUFH DQG VLQN VLGHV
'DPLHQ 3LFDUG GDPLHQSLFDUG#NXOHXYHQEH DQG )LOLS DUH 3K' FDQGLGDWH DW .8 /HXYHQ 'HSDUWPHQW RI 0HFKDQLFDO (QJLQHHULQJ
/HXYHQ %HOJLXP /LHYH +HOVHQ LV D SURIHVVRU DW WKH VDPH GHSDUWPHQW DQG DW (QHUJ\9LOOH :DWHUVFKHL %HOJLXP
DOI: http://dx.doi.org/10.22488/okstate.17.000522






























)LJXUH  6\VWHP GHVFULSWLRQ D 6FKHPDWLF GHVFULSWLRQ RI D JURXQGVRXUFH KHDW SXPS V\VWHP E 7V GLDJUDP GHVFULELQJ WKH ZRUNLQJ SULQFLSOH
RI WKH KHDW SXPS F LOOXVWUDWLRQ RI WKH GHSHQGHQF\ RQ WKH +&) IORZ UDWH IRU WKH KHDW SXPS &23 DQG WKH SXPSLQJ SRZHU Ppump
IORZ UDWHV LQ WKH HYDSRUDWRU 7KH DXWKRU DOVR VKRZHG WKDW QRW RQO\ WKH &23 EXW DOVR Q˙cond GHSHQGV RQ WKH IORZ UDWH DQG WKDW WKH
IORZ UDWH WKDW PD[LPL]HV Q˙cond LV QRW WKH VDPH DV WKH RQH PD[LPL]LQJ &23 7KH VLPSOLILHG RSWLPDO VROXWLRQ VKRZV JRRG DJUHHPHQW
ZLWK GHWDLOHG VLPXODWLRQV RI WKH KHDW SXPS V\VWHP
7KH RSWLPDO +&) IORZ UDWH KDV DOVR EHHQ LQYHVWLJDWHG XVLQJ VLPXODWLRQ WRROV ,RORYD DQG %HUQLHU  SHUIRUPHG D
VLPXODWLRQEDVHG FRPSDUDWLYH VWXG\ IRU D VFKRRO LQ 7516<6 EHWZHHQ D *6+3 V\VWHP XVLQJ D YDULDEOH VSHHG GULYH 96' SXPS
DQG RQH XVLQJ FRQVWDQW IORZ UDWH 7KH V\VWHP LV FRPSRVHG RI VHYHUDO KHDW SXPSV FRQQHFWHG LQ SDUDOOHO WR D ERUHILHOG ,Q FDVH RI WKH
FRQVWDQW IORZ UDWH SXPS WKH ERUHILHOG SXPS LV DOZD\V RQ UHJDUGOHVV RI ZKHWKHU WKH KHDW SXPS LV RQ RU RII ,Q FDVH RI WKH 96'
HDFK KHDW SXPS HYDSRUDWRU KDV D YDOYH WKDW EORFNV WKH IORZ ZKHQ WKH KHDW SXPS LV RII 7KH 96' SXPS HQVXUHV D FRQVWDQW SUHVVXUH
GURS RYHU WKH V\VWHP 7KH\ FRQFOXGHG WKDW WKH YDULDEOH IORZ V\VWHP VDYHV XS WR  RI WKH SXPSLQJ HQHUJ\ XVH DQG  RI WKH
WRWDO *6+3 V\VWHP HQHUJ\ XVH 7KH IDFW WKDW LQHIILFLHQW V\VWHPV ZLWK FRQVWDQW IORZ UDWH VWLOO H[LVW WRGD\ VWUHVVHV WKH QHHG RI VLPSOH
H[SUHVVLRQV WR FDOFXODWH WKH RSWLPDO +&) IORZ UDWH LQ *6+3 V\VWHPV
7KLV SDSHU SURSRVHV D VLPSOLILHG DQDO\WLFDO VROXWLRQ IRU WKH RSWLPDO +&) IORZ UDWH RI D *6+3 V\VWHP WDNLQJ ERWK WKH ERUHILHOG
DQG WKH KHDW SXPS LQWR DFFRXQW 7KH RSWLPDO VROXWLRQ LV D IXQFWLRQ RI PHDVXUDEOH YDULDEOHV DQG V\VWHP SDUDPHWHUV DQG GDWD WKDW
FDQ HDVLO\ EH REWDLQHG IURP PDQXIDFWXUHU GDWD VKHHWV 6HFWLRQ  GHVFULEHV WKH VWHDG\ VWDWH PRGHOV XVHG LQ 6HFWLRQ  WR GHULYH WKH
DQDO\WLFDO VROXWLRQ DQG 6HFWLRQ  YDOLGDWHV WKH REWDLQHG H[SUHVVLRQ ZLWK GHWDLOHG VLPXODWLRQ PRGHOV
02'(/ '(6&5,37,21
)LJ  D VKRZV WKH FRQVLGHUHG V\VWHP D JURXQG VRXUFH KHDW SXPS H[WUDFWV KHDW IURP D ERUHILHOG ZLWK DYHUDJH JURXQG WHPSHUDWXUH
T¯b 7KHUPDO SRZHU Q˙cond LV VXSSOLHG WR D EXLOGLQJ DW D VXSSO\ WHPSHUDWXUH Tcond,out  7KH PDVV IORZ UDWH RI WKH KHDW FDUULHU IOXLG
+&) DW WKH VRXUFH VLGH LV m˙ UHVXOWLQJ LQ DQ LQOHW DQG RXWOHW HYDSRUDWRU WHPSHUDWXUH Teva,in DQG Teva,out  7KH FRQVLGHUHG HOHFWULFDO
SRZHU XVHV DUH FRPSUHVVRU SRZHU Pcomp DQG VRXUFH FLUFXODWLRQ SXPS SRZHU Ppump 7KH PDVV IORZ UDWH DW WKH VLQN VLGH LV DVVXPHG
WR EH FRQVWDQW )LJ  F VKRZV WKDW VXFK D V\VWHP KDV DQ RSWLPDO PDVV IORZ UDWH GXH WR WKH LQFUHDVH RI WKH KHDW SXPS &23 VHH
6HFWLRQ  DQG WKH LQFUHDVH RI Ppump ZLWK m˙
7KH IROORZLQJ VHFWLRQV GHVFULEH WKH KHDW SXPS PRGHO 6HFWLRQ  WKH ERUHILHOG PRGHO 6HFWLRQ  DQG WKH SXPS PRGHO
6HFWLRQ  WKDW ZHUH XVHG WR GHULYH DQ DQDO\WLFDO VROXWLRQ IRU WKH RSWLPDO +&) PDVV IORZ UDWH m˙
+($7 3803 02'(/
$KHDW SXPS LV D GHYLFH WKDW FRQYHUWV KHDW IURP D ORZ WHPSHUDWXUH VRXUFH WR KHDW DW D KLJKHU WHPSHUDWXUH E\ FRPSUHVVLQJ D UHIULJHUDQW
XVLQJ D FRPSUHVVRU WKDW LV W\SLFDOO\ GULYHQ E\ DQ HOHFWULF PRWRU 7KH UHIULJHUDQW HYDSRUDWHV LQ D ILUVW KHDW H[FKDQJHU HYDSRUDWRU
ZKLFK UHTXLUHV KHDW DW D ORZ WHPSHUDWXUH 7KLV UHIULJHUDQW LV FRPSUHVVHG VWDWH  LQ WKH 7VGLDJUDP )LJ  E WR D KLJKHU SUHVVXUH
DQG WHPSHUDWXUH VWDWH  7KH UHIULJHUDQW WKHQ FRQGHQVHV WR D OLTXLG VWDWH VWDWH  ZKLOH UHMHFWLQJ KHDW DW D KLJKHU WHPSHUDWXUH LQ WKH
VHFRQG KHDW H[FKDQJHU FRQGHQVHU 7KH UHIULJHUDQW WKHQ H[SDQGV RYHU DQ H[SDQVLRQ YDOYH DQG HQWHUV WKH HYDSRUDWRU VWDWH 
7KH HQHUJ\ HIILFLHQF\ RI WKH KHDW SXPS GHSHQGV RQ WKH UHIULJHUDQW SUHVVXUH GLIIHUHQFH EHWZHHQ WKH FRQGHQVHU DQG WKH HYDS
RUDWRU 7KH SUHVVXUH GLIIHUHQFH LV GHWHUPLQHG E\ WKH UHTXLUHG WHPSHUDWXUH GLIIHUHQFH ZKLFK GHSHQGV RQ ERWK WKH VRXUFH DQG VLQN
WHPSHUDWXUH DQG RQ WKH PDVV IORZ UDWHV 7KH WHPSHUDWXUH GLIIHUHQFH LV FRQWUROOHG E\ WKH H[SDQVLRQ YDOYH :KLOH WKH H[DFW FRQWURO
PHWKRG RI WKH YDOYH LV W\SLFDOO\ D PDQXIDFWXUHU VHFUHW WKH YDOYH QHHGV WR HQVXUH D VPDOO DPRXQW RI VXSHUKHDW LQ VWDWH  VXFK WKDW
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)LJXUH  +HDW SXPS FKDUDFWHULVWLFV IRU &DUULHU JURXQG VRXUFH KHDW SXPS W\SH*= IXOO ORDG ZLWK Tcond,in = 21.11◦C &KDUDFWHULVWLFV H[SUHVVHG
DV D IXQFWLRQ RI Teva,in DQG m˙
)LJXUH  +HDW SXPS FKDUDFWHULVWLFV IRU &DUULHU JURXQG VRXUFH KHDW SXPS W\SH*= IXOO ORDG ZLWK Tcond,in = 21.11◦C &KDUDFWHULVWLFV H[SUHVVHG
DV D IXQFWLRQ RI Tm DQG m˙ )RU Q˙cond DQG Pcomp D OLQHDU ILW LV JLYHQ E\ WKH EODFN GDVKHG OLQH )URP WKHVH WZR ILWV DQ DSSUR[LPDWLRQ IRU Q˙eva DQG
COP DUH GHGXFHG
QR OLTXLG UHIULJHUDQW HQWHUV WKH FRPSUHVVRU )XUWKHUPRUH VWDWH  VKRXOG EH DW D ORZHU WHPSHUDWXUH WKDQ Teva,out DQG VWDWH  VKRXOG
EH KRWWHU WKDQ Tcond,out  7KHVH WHPSHUDWXUHV DUH IXUWKHU GHSHQGHQW RQ WKH +&) IORZ UDWH VHH EOXH OLQHV LQ )LJ  E 7KHUHIRUH WKH
+&) PDVV IORZ UDWH m˙ LQ WKH HYDSRUDWRU LQGLUHFWO\ LQIOXHQFHV WKH KHDW SXPS SHUIRUPDQFH DV LW FKDQJHV ERWK Teva,in DQG Teva,out 
7KH KHDW SXPS SHUIRUPDQFH GDWD SURYLGHG E\ PDQXIDFWXUHUV DUH W\SLFDOO\ WKH &23 DQG FRPSUHVVRU HOHFWULFDO SRZHU Pcomp DV
D IXQFWLRQ RI WKH HYDSRUDWRU LQOHW WHPSHUDWXUH Teva,in WKH FRQGHQVHU RXWOHW WHPSHUDWXUH Tcond,out RU LQOHW Tcond,in DQG RSWLRQDOO\
WKH HYDSRUDWRU PDVV IORZ UDWH m˙ )LJ  VKRZV SHUIRUPDQFH GDWD IRU WKH &DUULHU ZDWHUDLU JURXQG VRXUFH KHDW SXPS W\SH *= IXOO
ORDG IRU Tcond,in = 21.11◦C &DUULHU  )URP )LJ  LW LV FOHDU WKDW WKH SHUIRUPDQFH GHSHQGV RQ ERWK Teva,in DQG m˙ %DVHG RQ WKH
GLVFXVVLRQV LQ SUHYLRXV SDUDJUDSKV D VWURQJ UHODWLRQ EHWZHHQ Tm = Teva,out+Teva,in2 DQG WKH KHDW SXPS SHUIRUPDQFH LV H[SHFWHG 7KHKHDW SXPS SHUIRUPDQFH LV KRZHYHU QRW SURYLGHG DV D IXQFWLRQ RI Tm EXW LW FDQ EH FRPSXWHG IURP WKH RWKHU YDULDEOHV 7UDQVIRUPLQJ
)LJ  XVLQJ Tm = Teva,in− Q˙eva2cpm˙  ZLWK cp WKH +&) VSHFLILF KHDW FDSDFLW\ FRQILUPV WKLV K\SRWKHVLV VLQFH WKH FXUYHV IRU WKH GLIIHUHQW
m˙ DUH QRZ PRUH RU OHVV FRLQFLGLQJ VHH )LJ  7KLV UHODWLRQ KDV EHHQ YHULILHG IRU GLIIHUHQW Tcond,in IRU &DUULHU KHDW SXPS PRGHOV
* WR * DQG IRU 'DLNLQ 6PDUW6RXUFH  'DLNLQ 
7KH VWHDG\ VWDWH EHKDYLRXU RI WKH KHDW SXPS FDQ QRZ EH PRGHOOHG XVLQJ D OLQHDU ILW RI Pcomp DQG Q˙eva DVVXPLQJ IXOO ORDG





Q˙cond = α +βTm, Pcomp = γ +ψTm ⇒ Q˙eva = Q˙cond−Pcomp = α− γ +(β −ψ)Tm := η + εTm 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)LJXUH  &RQYHFWLYH WKHUPDO UHVLVWDQFH RI ZDWHU LQ D FLUFXODU SLSH 31 PP
%25(),(/' 02'(/
$ ERUHILHOG LV D KHDW H[FKDQJHU LQ WKH JURXQG FRPSRVHG RI RQH RU PXOWLSOH ERUHKROHV %RUHKROHV DUH GULOOHG LQ WKH JURXQG WR D
GHSWK W\SLFDOO\ EHWZHHQ  WR  P $6+5$(  ZLWK D GLDPHWHU EHWZHHQ  DQG  PP &KLDVVRQ  $ VLQJOH 8VKDSHG
GRXEOH 8VKDSHG RU OHVV IUHTXHQW FRD[LDO SLSH LV LQVHUWHG LQ WKH ERUHKROH LQ RUGHU WR FLUFXODWH WKH KHDW FDUULHU IOXLG +&) 7KH SLSH
GLDPHWHU YDULHV EHWZHHQ  DQG  PP $6+5$(  DQG WKH PDVV IORZ UDWH RI WKH +&) LV XVXDOO\ FKRVHQ VXFK WKDW WKH IORZ LV
VOLJKWO\ WXUEXOHQW RU D PRUH FRQVHUYDWLYH IORZ UDWH RI  OV SHU SLSH PD\ EH XVHG 7KH ERUHKROH LV ILOOHG ZLWK JURXW ZKLFK LV XVXDOO\
D PL[WXUH RI EHQWRQLWH DQG VDQG 7KH JURXW DQG WKH JURXQG WKHUPDO FRQGXFWLYLWLHV DQG WKHUPDO FDSDFLW\ DV ZHOO DV WKH ERUHKROH
GLDPHWHU WKH SLSH DUUDQJHPHQW DQG PDWHULDO DQG WKH PDVV IORZ UDWH GHWHUPLQH WKH VRFDOOHG ERUHKROH UHVLVWDQFH Rb Rb LV GHILQHG E\
+HOOVWU|P  DV WKH WKHUPDO UHVLVWDQFH SHU OHQJWK ERUHKROH EHWZHHQ WKH DYHUDJH WHPSHUDWXUH RI WKH KHDW FDUULHU IOXLG Tm DQG
WKH ERUHKROH ZDOO WHPSHUDWXUH Tb $FFRUGLQJ WR $6+5$(  Rb YDOXHV IRU VLQJOH 8SLSH UDQJH IURP  WR  .P: EXW
W\SLFDO YDOXHV UDWKHU UDQJH IURP  WR  .P: IRU VLQJOH 8SLSH DQG IURP  WR  .P: IRU GRXEOH 8SLSH ERUHKROHV
+HOOVWU|P DQG 6DQQHU 
,I WKH DYHUDJH WHPSHUDWXUH RI WKH JURXQG DW WKH ERUHKROH ZDOO T¯b LV NQRZQ WKH PRVW VLPSOH ERUHKROH PRGHO LV REWDLQHG E\
GLVUHJDUGLQJ WKH JURXW G\QDPLFV DQG E\ DVVXPLQJ D OLQHDU YDULDWLRQ RI WKH WHPSHUDWXUH DORQJ WKH SLSH /DPDUFKH HW DO  7KH
JURXQG LV DVVXPHG WR H[FKDQJH KHDW Q˙eva DW Tm 7KH GUDZEDFN RI WKLV VLPSOLILFDWLRQ LV WKDW Teva,in ZKLFK HTXDOV WKH ERUHILHOG VXSSO\
WHPSHUDWXUH FDQ EHFRPH KLJKHU WKDQ T¯b IRU ORZ IORZ UDWHV ZKLFK LV D YLRODWLRQ RI WKH VHFRQG ODZ RI WKHUPRG\QDPLFV :H WKHUHIRUH











b = T¯b−Teva,in 
Q˙eva = m˙cp (Teva,in−Teva,out) 







ZLWK WKH +&) KHDW FDSDFLW\ cp DQG WKH WRWDO ERUHKROHV OHQJWK Ltot  R′b LV WKH ERUHKROH UHVLVWDQFH EHWZHHQ WKH SLSH LQQHU ZDOO DQGERUHKROH ZDOO 7KH IORZ GHSHQGHQW FRQYHFWLYH UHVLVWDQFH Rconv LV FDOFXODWHG VHSDUDWHO\ Rb LV XVXDOO\ REWDLQHG H[SHULPHQWDOO\ E\
PHDQV RI D WKHUPDO UHVSRQVH WHVW ,I WKH WKHUPDO SURSHUWLHV RI WKH JURXW DQG JURXQG DQG WKH H[DFW JHRPHWU\ RI WKH ERUHKROH DUH NQRZQ





1X= 0.0235H0.83U0.35 LI WXUEXOHQW 'LWWXV%RHOWHU FRUUHODWLRQ
1X= 3.66+4.36
2
LI ODPLQDU 7KLUXPDOHVKZDU  
ZLWK WKH +&) WKHUPDO FRQGXFWLYLW\ λ f  WKH 5H\QROGV QXPEHU 5H = v f dp,inν f  WKH 3UDQGWO QXPEHU 3U = να  WKH +&) YHORFLW\ v f  WKHLQQHU SLSH GLDPHWHU dp,in WKH +&) G\QDPLF YLVFRVLW\ ν f DQG WKHUPDO GLIIXVLYLW\ α  )LJ  VKRZV WKDW Rconv LV RQO\ ZHDNO\ GHSHQGHQW
RQ m˙ EXW WKDW D WUDQVLWLRQ IURP WXUEXOHQW WR ODPLQDU LQFUHDVHV WKH UHVLVWLYLW\ IURP DERXW  WR  P.:
)RU WKH ODPLQDU FDVH WKH DYHUDJH YDOXH EHWZHHQ WKH FRUUHODWLRQ IRU FRQVWDQW KHDW IOX[ DQG FRUUHODWLRQ IRU FRQVWDQW ZDOO WHPSHUDWXUH LV WDNHQ
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,Q WKLV VHFWLRQ WKH FLUFXODWLRQ SXPS DQG W\SLFDO SUHVVXUH ORVVHV GXH WR WKH FLUFXODWLRQ RI WKH +&) LQ WKH KHDW SXPS DQG ERUHILHOG
DUH GLVFXVVHG
7KH SUHVVXUH GURS RYHU WKH KHDW H[FKDQJHUV GHSHQGV RQ WKH KHDW SXPS W\SH DQG VL]H DQG FDQ RIWHQ EH IRXQG LQ WKH PDQXIDF
WXUHU GDWD VKHHWV 7\SLFDOO\ VPDOO XQLWV KDYH D SUHVVXUH GURS LQ WKH RUGHU RI  N3D DW PLQLPDO IORZ θeva,max := Teva,in−Teva,out ≃ 5.
/DUJHU XQLWV KDYH D SUHVVXUH GURS LQ WKH RUGHU RI  N3D DW PLQLPDO IORZ θeva,max = 4. 7KH SUHVVXUH ORVVHV DVVRFLDWHG WR WKH ERUH
ILHOG KDSSHQ LQ WKH ERUHKROH WKH KRUL]RQWDO FRQQHFWLRQ SLSHV WKH FROOHFWRU DQG WKH YDULRXV EHQGV YDOYHV DQG FRQQHFWLRQ HOHPHQWV
7\SLFDOO\ WKH WRWDO SUHVVXUH GURS LV LQ WKH UDQJH RI  WR  EDU EXW LW FDQ ZLGHO\ YDU\ DQG GHWDLOHG SUHVVXUH GURS FDOFXODWLRQV VKRXOG
EH FDUULHG RXW IRU PRUH DFFXUDWH UHVXOWV
$ FLUFXODWLRQ SXPS KDV DQ HIILFLHQF\ ηpump WKDW YDULHV EHWZHHQ  DQG  DW QRPLQDO VSHHG %HUQLHU DQG %RXUUHW 
GHSHQGLQJ RQ LWV VL]H 6LQFH WKH SXPS ORDG KDV D TXDGUDWLF SUHVVXUH GURS FKDUDFWHULVWLF VLPLODULW\ ODZV SUHGLFW WKDW WKH HIILFLHQF\ LV
QRW D IXQFWLRQ RI WKH SXPS VSHHG ,Q WKLV SDSHU ZH WKHUHIRUH DVVXPH ηpump WR EH FRQVWDQW
$VVXPLQJ D FRQVWDQW SXPS HIILFLHQF\ ηpump DQG D FXELF UHODWLRQ EHWZHHQ SXPS SRZHU DQG IORZ UDWHV DQG XVLQJ D FHUWDLQ











ZLWK WKH ERUHILHOG DQG WKH KHDW SXPS SUHVVXUH GURSV ∆pERUHILHOG DQG ∆pKHDW SXPS
237,0$/ 62/87,21
,Q WKLV VHFWLRQ DQ DQDO\WLFDO VROXWLRQ IRU WKH RSWLPDO +&) PDVV IORZ UDWH LV GHULYHG E\ PD[LPL]LQJ WKH V\VWHP FRHIILFLHQW RI SHUIRU







7KH RSWLPL]DWLRQ SUREOHP FDQ EH UHZULWWHQ E\ VXEVWLWXWLQJ WKH PRGHO HTXDWLRQV LQ (T  )LUVW Tm LV REWDLQHG DV D IXQFWLRQ




















































ZLWK a1 = apξ  a2 = apν  a3 = γρ3ξ +κψρ3 a4 = γνρ3−λψρ3 a5 = ρ3 (αξ +βκ) a6 = ρ3 (αν−βλ )
7KH RSWLPDO VROXWLRQ LV FRPSXWHG IURP WKH URRWV RI WKH GHULYDWLYH RI WKLV IXQFWLRQ WKH GHQRPLQDWRU LV UHPRYHG IURP WKH







































2ρ3f cp [T¯bαεψ− T¯bβεγ +αηψ−βηγ ]

(T  KDV SRVVLEO\  VROXWLRQV x1,2,3,4 IRU WKH RSWLPDO PDVV IORZV ZKLFK FDQ EH FRPSXWHG DQDO\WLFDOO\ E\ VROYLQJ WKH
URRWSUREOHP IRU SRO\QRPLDO p(x) = ax4+bx3+ cx2+ e







, ∆1 = 2c
3+27b2e−72ace , ∆0 = c
2+12ae E





































(YHQ WKRXJK ZH FDQQRW SURYH LW IRUPDOO\ ZH H[SHFW WKH SUREOHP WR KDYH RQO\ RQH IHDVLEOH VROXWLRQ )RU D SUDFWLFDO LP
SOHPHQWDWLRQ WKH RSWLPDO VROXWLRQ FDQ DOVR EH REWDLQHG E\ SORWWLQJ (T  RU E\ XVLQJ D OLQH VHDUFK PHWKRG WR ILQG WKH URRWV RI
(T 
5(68/76 9$/,'$7,21 $1' ',6&866,21
7KH RSWLPDO DQDO\WLFDO VROXWLRQ LV YDOLGDWHG XVLQJ D VLPXODWLRQ PRGHO EDVHG RQ DQ H[LVWLQJ *6+3 V\VWHP 7KH V\VWHP FRQVLVWV RI D
ERUHILHOG ZLWK  ERUHKROHV RI  P GHHS GRXEOH 8W\SH D :LOR &URQROLQH ,/   FLUFXODWLRQ SXPS DQG KHDW SXPSV 7KH
WRWDO *6+3 V\VWHP SUHVVXUH GURS DW QRPLQDO IORZ UDWH  NJV LV  N3D ,W LV FRQQHFWHG WR  &DUULHU *= KHDW SXPSV WKDW
DUH RSHUDWHG DW QRPLQDO FRQGHQVHU IORZ UDWH ZLWK DQ LQOHW WHPSHUDWXUH RI  ◦& $OO SDUDPHWHU YDOXHV XVHG IRU WKH VLPXODWLRQ DQG
IRU WKH DQDO\WLFDO VROXWLRQ DUH VXPPDUL]HG LQ 7DEOH  7KH V\VWHP LV PRGHOOHG LQ 0RGHOLFD XVLQJ WKH ERUHILHOG PRGHO IURP 3LFDUG DQG
+HOVHQ  DQG WKH SXPS PRGHO IURP :HWWHU HW DO  7KH KHDW SXPS PRGHO XVHV D  GLPHQVLRQDO OLQHDU WDEOH LQWHUSRODWLRQ
RI WKH PDQXIDFWXUHU SHUIRUPDQFH GDWD &DUULHU  )LJ  7KH 0RGHOLFD PRGHO LV VLPXODWHG XVLQJ '\PROD 
7KH SDUDPHWHUV XVHG IRU WKH DQDO\WLFDO VROXWLRQ DUH VXPPDUL]HG LQ 7DEOH  7KH JRRGQHVV RI WKH OLQHDU ILWV Q˙cond,lin DQG
Pcomp,lin IRU UHVS Q˙cond DQG Pcomp IRU WKH FRQVLGHUHG KHDW SXPS DUH VKRZQ LQ )LJ  EODFN GDVKHG OLQH Q˙eva,lin DQG COPlin DUH
FRPSXWHG IURP Q˙cond,lin DQG Pcomp,lin )LJ  VKRZV WKDW Q˙cond,lin LV D JRRG DSSUR[LPDWLRQ RI Q˙cond EXW Pcomp,lin VKRZV D OHVV OLQHDU
EHKDYLRXU 7KLV UHVXOWV LQ D VOLJKW XQGHUHVWLPDWLRQ RI Q˙eva EXW D JRRG HVWLPDWLRQ RI WKHCOP
7KH IROORZLQJ H[SHULPHQW LV FDUULHG RXW WKH ERUHILHOG LV LQLWLDOLVHG E\ DVVXPLQJ D XQLIRUP JURXQG WHPSHUDWXUH RI  ◦& DQG
WKHQ RSHUDWLQJ WKH SXPS DQG WKH KHDW SXPS DW QRPLQDO PDVV IORZ UDWH IRU  GD\V 7KH ERUHILHOG FRROV GRZQ WR DURXQG ◦C
7KH PDVV IORZ UDWH LV WKHQ FKDQJHG WR D GLIIHUHQW IL[HG YDOXH VHH )LJ  2QFH WKH KHDW SXPS KDV JHQHUDWHG  N:K RI WKHUPDO
HQHUJ\ WKHCOP·V DUH UHSRUWHG 7KH UHDVRQ IRU WKLV DSSURDFK LV WR DOORZ REMHFWLYH FRPSDULVRQ RI D WUDQVLHQW V\VWHP 7KH DQDO\WLFDO
VROXWLRQ LV REWDLQHG E\ XVLQJ WKH VDPH SDUDPHWHU YDOXHV DQG D ERUHKROH ZDOO WHPSHUDWXUH RI  ◦&
)LJ  FRPSDUHV WKH UHVXOWV IURP WKH VLPXODWLRQ PRGHO EOXH GDVKHG OLQH DQG WKH DQDO\WLFDO PRGHO UHG GRWWHG OLQH IRU GLIIHUHQW
PDVV IORZ UDWHV )LJ  D DQG E DUH H[SUHVVHG DV D IXQFWLRQ RI WKH V\VWHP PDVV IORZ UDWH m˙b f ZKLOH )LJ  F DQG G FRUUHVSRQG WR
D VLQJOH KHDW SXPS )LJ D VKRZV WKDW WKH DQDO\WLFDO PRGHO XQGHUHVWLPDWHV WKH +&) WHPSHUDWXUHV 7KLV LV FDXVHG E\ WKH DVVXPSWLRQ
WKDW WKH +&) H[FKDQJHV KHDW ZLWK WKH ERUHILHOG DW Teva,in LQVWHDG RI XVLQJ DQ H[SRQHQWLDO +&) WHPSHUDWXUH YDULDWLRQ /DPDUFKH HW DO
 7KH HUURU JHWV DPSOLILHG E\ WKH GHFUHDVH RI Q˙cond  Q˙eva DQG Pcomp IRU VPDOOHU Tm UHVXOWLQJ LQ DQ XQGHUHVWLPDWLRQ RI COP1
Research Conference Proceedings - IGSHPA Conference & Expo 201742
7DEOH  3DUDPHWHU YDOXHV XVHG IRU WKH YDOLGDWLRQ
%RUHILHOG 3XPS /LQHDU ILW
T¯b  >◦C@ HIILFLHQF\  >@ α  >:@
Rb  >P.:@ W\SH :LOR &URQROLQH,/  β  >:.@
Rconv  >P.:@ ∆pERUHILHOG ∗1  >N3D@ ψ  >:@
n×Hbor  [  >P@ ∗1 m˙  NJV LQ ERUHILHOG γ  >:.@
Ltot  >P@ ∆pKHDW SXPS ∗2  >N3D@ η  >:@
R∗b  >.:@ ∗2 P  NJV LQ KHDW SXPS ε  >:.@
+&)  JO\FRO +HDW SXPS
ρ  >NJP3@ W\SH &DUULHU  *=
cp  >-NJ.@ &KDUDFWHULVWLFV VHH )LJ 
ν 2.4∗10−6 >P2V@ Tcond,in  >◦C@
λ  >:P.@ m˙cond  >NJV@
)LJXUH  5HVXOWV FRPSDULVRQ EHWZHHQ DQDO\WLFDO PRGHO GRWWHG UHG DQG VLPXODWLRQ GDVKHG EOXH PRGHO D LQ DQG RXWOHW HYDSRUDWRU +&)
WHPSHUDWXUHV E OHIW D[LV KHDW SXPSCOP1 DQG V\VWHPCOP2 ULJKW D[LV KHDG ORVVHV F FRQGHQVHU WKHUPDO SRZHU G FRPSUHVVRU HOHFWULFDO
SRZHU
VHH )LJ EFG 'HVSLWH WKLV XQGHUHVWLPDWLRQ WKH RSWLPDO PDVV IORZ UDWH REWDLQHG E\ WKH DQDO\WLFDO VROXWLRQ  NJV LV FORVH
WR WKH RSWLPDO PDVV IORZ UDWH REWDLQHG IURP WKH VLPXODWLRQ  NJV 7KH RSWLPDO PDVV IORZ UDWH LV FORVH WR EXW ORZHU WKDQ WKH
PD[LPXP PDVV IORZ UDWH IRU ZKLFK KHDW SXPS SHUIRUPDQFH GDWD LV SURYLGHG
,W VKRXOG EH QRWHG WKDW RSWLPDO &23 LV JHQHUDOO\ IRXQG DW ORZHU IORZ UDWH DV LOOXVWUDWHG E\ 6RXWKDUG HW DO  ZKHUH WKH
*6+3 &23 ZDV LQFUHDVHG E\  ZKHQ WKH GLIIHUHQWLDO SUHVVXUH VHW SRLQW RQ WKH JURXQG ORRS ZDV UHGXFHG IURP  WR  EDU
7KH IDFW WKDW WKH RSWLPDO IORZ UDWH IRU WKH YDOLGDWLRQ H[HUFLVH LV UDWKHU KLJK LV H[SODLQHG E\ LWV DVVXPSWLRQV L WKH KHDW SXPSV RSHUDWH
DW IXOO ORDG LL D UHODWLYHO\ VPDOO KHDG ORVV RI WKH JURXQG KHDW H[FKDQJHU ZDV XVHG 5XQQLQJ WKH KHDW SXPSV DW SDUW ORDG ZRXOG OHDG
WR D ORZHU RSWLPDO IORZ UDWH DV WKH UHODWLYH LQIOXHQFH RI WKH SXPSLQJ HQHUJ\ RQ WKH &23 LQFUHDVHV 2WKHU DVVXPSWLRQV IRU WKH
YDOLGDWLRQ DUH L FRQVWDQW TFRQGLQ = 21.11 ◦& DQG LL D FXELF UHODWLRQ EHWZHHQ SXPSLQJ SRZHU DQG PDVV IORZ UDWH LV DVVXPHG
)XUWKHU ZRUN VKRXOG H[SHULPHQWDOO\ YDOLGDWH WKH SURSRVHG DQDO\WLFDO VROXWLRQ IRU GLIIHUHQW KHDW SXPS ORDG UDWLR·V DQG GLIIHUHQW
*6+3 V\VWHPV DQG LW VKRXOG FRQILUP WKDW WKH RSWLPDO IORZ UDWH RI D *6+3 V\VWHP GHSHQGV RQ WKH KHDW SXPS ORDG WKH JURXQG
WHPSHUDWXUH DQG ERUHILHOG DQG KHDW SXPS FKDUDFWHULVWLFV 1RWLFH WKDW (T  QHHGV WR EH UHFRPSXWHG IRU HDFK KHDW SXPS SDUW ORDG
UDWLR DV WKH KHDW SXPS FKDUDFWHULVWLFV FKDQJH DFFRUGLQJO\ 7KH RSWLPDO PDVV IORZV FDQ WKHQ EH GHULYHG IRU HDFK SDUW ORDG UDWLR
&21&/86,21
7KLV SDSHU VKRZV WKDW WKHUH H[LVWV DQ RSWLPDO KHDW FDUULHU IOXLG IORZ UDWH IRU JURXQG VRXUFH KHDW SXPS *6+3 V\VWHPV WKDW PLQLPL]HV
LWV HQHUJ\ XVH 7KH SDSHU SURSRVHV DQ DQDO\WLFDO VROXWLRQ IRU FRPSXWLQJ WKH RSWLPDO IORZ UDWH DV D IXQFWLRQ RI PHDVXUDEOH YDULDEOHV
DQG V\VWHP SDUDPHWHUV DQG GDWD WKDW FDQ EH REWDLQHG IURP PDQXIDFWXUHU GDWD VKHHWV 7KH RSWLPDO VROXWLRQ LV EDVHG RQ D VWHDG\VWDWH
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DSSUR[LPDWLRQ RI WKH ERUHKROH DQG D OLQHDU DSSUR[LPDWLRQ RI WKH WKHUPDO DQG HOHFWULFDO SRZHU RI WKH KHDW SXPS DV D IXQFWLRQ RI
WKH DYHUDJH HYDSRUDWRU WHPSHUDWXUH ,W ZDV IRXQG WKDW H[SUHVVLQJ WKH KHDW SXPS SRZHUV DQG &23 DV D IXQFWLRQ RI WKH DYHUDJH
HYDSRUDWRU WHPSHUDWXUH LQVWHDG RI LWV LQOHW WHPSHUDWXUH UHGXFHV WKHLU PDVV IORZ UDWH GHSHQGHQFLHV 7KH REWDLQHG DQDO\WLFDO VROXWLRQ
VKRZV JRRG DJUHHPHQW ZLWK WKH RSWLPDO VROXWLRQ REWDLQHG E\ D GHWDLOHG VLPXODWLRQ PRGHO UHSUHVHQWLQJ DQ H[LVWLQJ *6+3 V\VWHP RI
[P ERUHKROHV
$&.12:/('*0(176
7KH DXWKRUV DFNQRZOHGJH WKH ILQDQFLDO VXSSRUW E\ WKH $JHQF\ IRU ,QQRYDWLRQ E\ 6FLHQFH DQG 7HFKQRORJ\ LQ )ODQGHUV ,:7 DQG
:7&% LQ WKH IUDPH RI WKH ,:79,6 7UDMHFW 60$57 *(27+(50 IRFXVLQJ RQ LQWHJUDWLRQ RI WKHUPDO HQHUJ\ VWRUDJH DQG WKHUPDO
LQHUWLD LQ JHRWKHUPDO FRQFHSWV IRU VPDUW KHDWLQJ DQG FRROLQJ RI PHGLXP ODUJH EXLOGLQJV 7KH DXWKRUV DOVR DFNQRZOHGJH WKH ILQDQFLDO
VXSSRUW E\ ,:7 IRU WKH 3K' ZRUN RI ) -RULVVHQ FRQWUDFW QXPEHU 
5()(5(1&(6
$6+5$(  $+65$( +DQGERRN ² +9$& $SSOLFDWLRQ &KDS  *HRWKHUPDO (QHUJ\ $PHULFDQ 6RFLHW\ RI +HDWLQJ 5HIULJ
HUDWLQJ DQG $LU &RQGLWLRQLQJ (QJLQHHUV $WODQWD 
%HUQLHU 0$ %RXUUHW %  3XPSLQJ HQHUJ\ DQG YDULDEOH IUHTXHQF\ GULYHV $6+5$( MRXUQDO  ²
&DUULHU  *= ,QILQLW\ 6HULHV *HRWKHUPDO 6SOLW +HDW 3XPS ?iiT,ffrrrXmi+++b@+/MX+QKf?p+f/Q+bfRyyNfSm#HB+f
yyf:w@ykS.XT/7 >2QOLQH DFFHVVHG $XJXVW@
&KLDVVRQ $  6LPXODWLRQ DQG GHVLJQ RI K\EULG JHRWKHUPDO KHDW SXPS V\VWHPV 3K' WKHVLV 'HS &LYLO DQG $UFKLWHFWXUDO
(QJLQHHULQJ 8QLYHUVLW\ RI :\RPLQJ /DUDPLH 86$
'DLNLQ  6PDUWVRXUFH WZRVWDJH KRUL]RQWDO 	 YHUWLFDO ZDWHU KHDW SXPSV XQLW VL]H  ?iiT,ffHBiX/BFBMTTHB2/X
+QKf#BxHBif.Q+mK2MiaiQ`;2fqi2`aQm`+2>2iSmKTf*iHQ;bf*hnRRR9@en>_nqanaanhrQnai;2n:h>n:hon
G_XT/7 >2QOLQH DFFHVVHG $XJXVW@
*UDQU\G (  $QDO\WLFDO H[SUHVVLRQV IRU RSWLPXP IORZ UDWHV LQ HYDSRUDWRUV DQG FRQGHQVHUV RI KHDW SXPSLQJ V\VWHPV ,QWHUQD
WLRQDO -RXUQDO RI 5HIULJHUDWLRQ  ²
+HOOVWU|P *  *URXQG KHDW VWRUDJH WKHUPDO DQDO\VHV RI GXFW VWRUDJH V\VWHPV 7KHRU\ 'HS RI 0DWKHPDWLFDO 3K\VLFV
8QLYHUVLW\ RI /XQG 6ZHGHQ
+HOOVWU|P * 6DQQHU %  (DUWK (QHUJ\ 'HVLJQHU 8VHU PDQXDO 9HUVLRQ 
,RORYD 1 %HUQLHU 0$  4XDQWLI\LQJ WKH HQHUJ\ LPSDFW RI D YDULDEOH IORZ SXPS LQ D JURXQGFRXSOHG KHDW SXPS V\VWHP LQ
&RQIHUHQFH (6,0   ,%36$&DQDGD·V  %LHQQLDO %XLOGLQJ 3HUIRUPDQFH 6LPXODWLRQ &RQIHUHQFH SS ²
/DPDUFKH / .DMO 6 %HDXFKDPS %  $ UHYLHZ RI PHWKRGV WR HYDOXDWH ERUHKROH WKHUPDO UHVLVWDQFHV LQ JHRWKHUPDO KHDWSXPS
V\VWHPV *HRWKHUPLFV  ²
/L 0 /DL $&  7KHUPRG\QDPLF RSWLPL]DWLRQ RI JURXQG KHDW H[FKDQJHUV ZLWK VLQJOH XWXEH E\ HQWURS\ JHQHUDWLRQ PLQLPL]D
WLRQ PHWKRG (QHUJ\ &RQYHUVLRQ DQG 0DQDJHPHQW  ²
1RZDN 7 -DJDQMDFRYD 6 :HVWULQJ 3  (XURSHDQ KHDW SXPS PDUNHW DQG VWDWLVWLFV UHSRUW  (XURSHDQ +HDW 3XPS
$VVRFLDWLRQ %UXVVHOV 
3LFDUG ' +HOVHQ /  $ QHZ K\EULG PRGHO IRU ERUHILHOG KHDW H[FKDQJHUV SHUIRUPDQFH HYDOXDWLRQ $6+5$( 7UDQVDFWLRQV
 77
6RXWKDUG /( /LX ; 6SLWOHU -  3HUIRUPDQFH RI +9$& 6\VWHPV DW $6+5$( +4 $6+5$( -RXUQDO  
7KLUXPDOHVKZDU 0  )XQGDPHQWDOV RI KHDW DQG PDVV WUDQVIHU 3HDUVRQ (GXFDWLRQ ,QGLD
:HWWHU 0 )XFKV 0 *UR]PDQ 3 +HOVHQ / -RULVVHQ ) /DXVWHU 0 'LUN 0 1\WVFKJHXVHQ & 3LFDUG ' 6DKOLQ 3 7KRUDGH
0  ,($ (%& $QQH[  0RGHOLFD /LEUDU\  $Q ,QWHUQDWLRQDO &ROODERUDWLRQ WR 'HYHORS D )UHH 2SHQ6RXUFH 0RGHO /LEUDU\
IRU %XLOGLQJV DQG &RPPXQLW\ (QHUJ\ 6\VWHPV LQ 3URFHHGLQJV RI %XLOGLQJ 6LPXODWLRQ  +\GHUDEDG ,QGLD
